Populations of the North American cryptic species complex of Acanthocylops vernalis (Fischer 1853) (Copepoda) possess unusually variable karyotypes and levels of reproductive isolation, but are difficult to discern morphologically. We established nine isofemale lines derived from four local and geographically isolated pond populations from Wisconsin and three isofemale lines from a lake in Ohio to explore the variability and relationships of chromosome numbers, genome sizes, and similarity of ribosomal DNA sequences. Five karyotypes (2n ¼ 6, 7, 8, 9 and 10) were observed, although genome sizes were remarkably consistent. A 593 bp region of the 18S ribosomal gene was identical in four Wisconsin and three Ohio lines, but differed among five Wisconsin lines. This variability in 18S rDNA sequences among lines, which is uncharacteristic for well defined cyclopoid species, was used to construct a network of relationships among the isofemale lines. Mapping chromosome number onto this network revealed a cluster of lineages with variable chromosome numbers and a cluster with consistent chromosome number, although the overall pattern was more complex than this. Although 4-5 bivalents were observed in oocytes of the progeny from one isofemale line from Ohio, progeny of the latter had smaller genomes than any of the Wisconsin lines. All Wisconsin and Ohio lines lacked chromatin diminution, a trait previously attributed to some populations of A. vernalis by Standiford (1989, Genetika 79: 207-214) and Akifiev (1974, Priroda (USSR) 9: 49-54). Occurrence of chromosomal aberrations among disjunct populations may account for the unusual genetic variability of this species complex. Such differentiation also may be accelerated in fragmented habitats where genetic isolation seems to be recent and recurrent.
The Acanthocyclops vernalis group (Fischer, 1853) is a potentially powerful system for study of the nature of population differentiation during the formation of cryptic species. Previous studies of this complex of freshwater copepods have provided a picture of broad variability within and among naturally occurring populations. The reported differences in chromosomal number are extraordinary: A. vernalis 2n ¼ 4 (Chinnappa, 1980) ; 2n ¼ 6 (Chambers, 1912) ; 2n ¼ 8 (Chinnappa and Victor, 1979; Standiford, 1989) ; 2n ¼ 10 (Braun, 1909; Rüsch, 1960) ; 2n ¼ 11 (Matschek, 1910) ; and for A. robustus Sars, 1863, 2n ¼ 4 (Chambers, 1912) ; and 2n ¼ 6 (Rüsch, 1960) . Smith (1982) and Price (1978) reported numerous reproductive isolates. Unaccounted variations in genome size occur (Wyngaard and Rasch, 2000) . Chromatin diminution, which results in genomic reorganization in certain species of copepods, has been reported in the A. vernalis complex by Akifiev (1974) and Standiford (1989) , but is apparently absent in other populations of this species (Dorward and Wyngaard, 1997) . The apparent morphological stasis accompanied by variation in minute characteristics of the A. vernalis group (Smith, 1982; Fryer, 1985; Dodson, 1994; Einsle, 1996; Dodson et al., 2003) has attracted the attention of many copepodologists interested in criteria for definitive assignment of taxonomic status.
Such highly variable characters may be indicative of either a cryptic species complex or incipient speciation. Species and populations are abstractions that are particularly challenging in the case of the A. vernalis species complex. To understand the evolutionary processes that produce and maintain coexisting forms of the A. vernalis species complex, it is necessary to explore species boundaries and to identify attributes that can be used to establish their taxonomic identity.
We observed chromosomal rearrangements that to our knowledge have not been reported in other studies of copepod cytotaxonomy. Karyotypic analysis was used to detect chromosomal rearrangements that may lead to sterility and may be among the first barriers to evolve (White, 1978; King 1993) . We evaluated three additional characters that recently have been proposed for systematic and evolutionary studies of copepods: genome size, DNA sequence of the 18S subunit of the ribosomal cistron, and chromatin diminution (Einsle, 1962 (Einsle, , 1996 McLaren et al., 1989; Grishanin et al., 1994; Grishanin and Akifiev, 2000; Wyngaard and Rasch, 2000; White and McLaren, 2000; Mallat et al., 2003) .
We collected samples of A. vernalis from five habitats, brought them into the laboratory, established 12 isofemale lines, and applied a comprehensive approach to explore the nature of variability in genetic architecture of this cryptic species complex. We used isofemale lines from wild-caught specimens to examine genomic properties, and then used this information to describe the nature of variability within and among populations. This approach minimized the likelihood of reporting inflated degrees of variability attributable to taxonomic misidentifications based solely upon morphology, a serious concern in this group.
We compared populations of A. vernalis from four Wisconsin ponds and one Ohio lake, choosing sites where different A. vernalis forms often coexist or have been extensively studied (Smith, 1982; Standiford, 1989; Dodson, 1994) . Extensive morphological analyses of the Wisconsin isofemale lines by Dodson et al. (2003) and karyotypic analyses of the Ohio forms (Standiford, 1989) set the stage for detailed explorations of the genetic differentiation among these populations. In the present paper, we describe the considerable variability found among populations in nature. We pose several explanations here and elsewhere (Grishanin et al., unpubl.) .
MATERIALS AND METHODS

Collecting Sites
Acanthocyclops vernalis specimens were collected from four ponds in Wisconsin in May 2001 and a lake in Ohio in May 2003. Initially, isofemale lines were assigned to one of two morphological forms (A. vernalis like, A. robustus like) according to Dodson (1994) , but these morphological assignments have since been rendered inconsequential (Dodson et al., 2003) . Hence, we refer only to the taxonomic name Acanthocyclops vernalis and use line numbers to refer to populations. Lines S130, S115, S102, and S142 were collected from Shorts Pond 1, a small, shallow lake in Chippewa County, lat. 45.23418N, long. 91.11848W: 6.4 km northwest of Holcombe, Wisconsin. Line Pa26 was collected from Parejko Pond, which is about 150 meters south-southwest of Shorts Pond 1. The other two locales are from south central Wisconsin: LineTre1 was collected from a shallow urban retention lake at the Mineral Point exit of Madison's Beltline (Highway 12 and 14) at 43.06068N, 89.52378W. Lines CD60, CD61, and CD69 were collected from Cleveland Road Ditch at 43.09318N and 89.60228W along State Highway 14, near the intersection with Cleveland Road, in Dane County, Wisconsin. Lines AC8, AC9, and Ac10 were collected from eutrophic Acton Lake at 39.55778N and 84.73458W in Butler and Preble Counties, Ohio, about 5 km from Oxford.
Culture Methods
All cultures were maintained at 22 6 0.58C in a Conviron CMP 3244 environmental chamber with L:D 14:10. Mass cultures of the 12 isofemale lines were maintained in 250 ml beakers. All animals were cultured in Provosoli medium, and fed the alga Cryptomonas ozolini Sküjja (UTEX-LB2194), Paramecium multimicronucleatum from Carolina Biological Supply Co., and several hours-old Artemia salina naupli according to Wyngaard and Chinnappa (1982) .
Karyotype, Genome Size, and Chromatin Diminution Diploid chromosome number (2n) was observed for each lineage using embryonic cleavage divisions after one to two generations of laboratory rearing. Embryos were treated with 8-hydroxyquinoline, fixed in absolute ethanol-acetic acid (3:1), squashed in 45% acetic acid on a subbed slide, and stained by aceto-orcein according to Beermann (1977) . Mitotic karyotypes of each isofemale line were typically based on unambiguous chromosome configurations of 6-9, or more, cells from several to 14 adults.
To supplement and verify the data on diploid chromosome number, we observed female germ cells in meiosis. We observed diakinesis stages of prophase as well as metaphase or anaphase I or II in all lines except Tre1. The preparation of specimens was as above for embryos except the Feulgen reaction for DNA was used according to Wyngaard and Rasch (2000) . These meiotic preparations yielded observations of chromosomal rearrangements such as the occurrence of chiasmata (genetic recombination), fusion and/or fission transmitted through germ cell lineages. Copepod chromosomes stained with the Feulgen reaction or orcein typically yield small, poorly differentiated and highly condensed chromosomes in mitosis or thin, attenuated strands in meiosis.
Specimens for determination of somatic and sperm DNA contents were prepared according to Wyngaard and Rasch (2000) . Nuclear DNA contents were measured using a Vickers M-86 scanning and integrating microdensitometer using an achromatic 1003, N.A. 1.32 oil immersion objective and a 0.2 lm scanning spot (Rasch, 1985 (Rasch, , 2003 . All preparations were mounted in matching refractive index liquids to minimize nonspecific light loss due to scatter (Hardie and Gregory, 2002; Rasch, 2003) . Chicken red blood cells (2.5 pg DNA/nucleus) were used as an internal reference standard. More than 2500 nuclei from 86 adult specimens in the parental lines were analyzed. The assay for chromatin diminution involved comparing sperm and somatic cell nuclear DNA contents to verify the presence of nuclei with enhanced levels of heterochromatin that are characteristic of germline cells in animals that possess chromatin diminution (Rasch and Wyngaard, 1995) .
Image Editing
All photography of karyotypes was done using a Nikon CoolPix 900 digital camera at 1003 magnification. Image sharpness and contrast levels were adjusted using Adobe Photoshop 5.0.
DNA Sequences
The 18S rRNA locus was used as a marker for species identity and population differentiation. Genomic DNA was extracted from a single adult female copepod of each of nine Wisconsin isofemale lines and three Ohio isofemale lines using the PROMEGA Total RNA isolation kit, omitting the DNAse step, with a resultant volume of 50 lL. This kit yields 99% success in extracting an adequate quantity of genomic DNA from individual specimens as is necessary when studying multiple genes and DNA regions. For each line, a second individual was sequenced to check for intraline variability. Genomic DNA (5lL) was used in the polymerase chain reaction (50 lL). Amplification reactions of the 39 end of the 18S rRNA gene were carried out using the primers 18s329 [59: TAATGATCCTTCCGCAGGTT: 39] and 18sI-[59: AACT(C,T)AAAGGAATTGACGG :39] given in Spears et al. (1992) . Amplification conditions consisted of 5 min at 958C, and then 40 s at 958C, 25 s at 558C, 3 min at 728C for 40 cycles, and extension for 15 min at 728C. DNA sequencing was carried out on an ABI 3730xl automated DNA sequencer. Proofreading, editing, and alignments were performed using the program Sequencher 4.1 (Gene Codes Corporation, Ann Arbor, Michigan, U.S.A.). To find the most parsimonious cladogram, maximum-parsimony analyses were conducted in PAUP 4.04a (Swofford, 2002) using the exhaustive search option. Heuristic-search bootstrap analyses (Felsenstein, 1985) used TBR branch-swapping and consisted of 1000 pseudoreplicates. Pairwise percentage differences in sequences were computed as uncorrected distances because variability among sequences was low. Vouchers of each isofemale line are deposited in the National Museum of Natural History (NMNH Numbers 1071883-1071894). The 12 sequences reported in this study are available from GenBank (accession numbers AY643521-AY643532).
RESULTS Karyology
Among the nine Wisconsin isofemale lines examined for karyotype, diploid chromosome numbers were 2n ¼ 6, 7, 8, 9, and 10 ( Table 1 ). All chromosomal numbers observed in meiosis were consistent with those observed in embryonic mitosis. A single Ohio isofemale line (Ac10) was examined for chromosome number, and revealed four or possibly five bivalents at diakinesis of meiosis in several oocytes of adult females (Table 1 ). The diploid chromosome number 2n ¼ 8 reported here for A. vernalis in this Ohio lake is from a previous study (Standiford, 1989) .
Isofemale Lines With Consistent Chromosomal Numbers at Mitosis or Meiosis.-All four of the isofemale lines from Shorts No. 1 Pond possessed constant chromosome number within a line. Line S102 possessed a 2n complement of 10, with two pairs of metacentric, two pairs of submetacentric, and one pair of acrocentric chromosomes at anaphase I in the female (Fig. 1a) . Consistent with this, we observed a karytoype where n ¼ 5 at anaphase II of the germ cells of the mother of this embryo (Fig. 1b) .
Lines S115, S130, and S142 possessed a 2n complement of 8 and a haploid chromosomal number of 4 (Table 1) . Line S130 possessed four pairs of metacentric or submetacentric chromosomes in the embryo (Fig. 1c) . Four bivalents were seen at metaphase II of oogenesis (Fig. 1d) . Similarly, lines S115 and S142 possessed four pairs of metacentric or submetacentric chromosomes in the embryo (S142: Fig. 1e ; S115 not shown). In a second embryo of line S142, we found one small chromosomal fragment, resulting in 2n ¼ 8 þ 1 (Fig. 1f) . The oocytes of a third specimen possessed four bivalents without chiasmata (Fig. 1g) . The few oocytes at early diakinesis in ovary squashes of Acton Lake isofemale line AC10 possessed four, possibly five, bivalent associations (data not shown).
Isofemale Lines With Variable Chromosomal Numbers.-Five of the nine isofemale lines from Wisconsin were polymorphic for chromosomal number within a line, and fell into one of three groups: 2n ¼ 6 or 7 in Trek Pond; 2n ¼ 8, 9, or 10 in Cleveland Road Ditch; and 2n ¼ 9 or 10 in Parekjo Pond (Table 1) .
All specimens of A. vernalis lines CD60, CD61, and CD69 collected from Cleveland Road Ditch possessed a similar cytogenetic variability within each line. Karyotypes of lines CD60, CD61, and CD69 were studied at about the 128-cell stage. Embryos with 2n ¼ 8, 2n ¼ 9, and 2n ¼ 10 were found sometimes within the same sac of embryos and sometimes in embryo sacs of different females within a line. These karyotypes exhibited only metacentric and submetacentric chromosomes (Fig. 2a, b, c ). Some embryos with karyotype 2n ¼ 8 had two small fragments (Fig. 2a) .
Two different karyotypes were present in meiosis of CD69 females. Bivalent numbers in individual oocytes at the diakinesis stage of meiosis possessed n ¼ 4 (Fig. 2d) and n ¼ 5 (Fig. 2e) . These numbers of bivalents correspond to the diploid chromosome numbers of 2n ¼ 8, 9, and 10 in embryonic cells (Table 1 ). Some oocytes with n ¼ 4 and n ¼ 5 were present in the same female. Nine of the 12 diakinetic nuclei had chiasmata (three with two chiasmata each); three nuclei lacked chiasmata (not shown). The mean number of chiasmata per cell in the CD69 line was 1.0 (SD ¼ 0.73).
The Pa26 line contained a female whose embryos (2n ¼ 9) had four pairs of meta-or submetacentric chromosomes and a single acrocentric chromosome (Fig. 2f ) and a female whose embryos (2n ¼ 10) had two pairs of metacentric and three pairs of submetacentric chromosomes (Fig. 2g) . Meiosis in oocytes in a third specimen possessed five bivalents at the diakinesis stage of prophase of meiosis I of which four bivalents possessed crossing over (Fig. 2h) .
The typical karyotype for Tre1 was 2n ¼ 6. A single embryonic sac of line Tre1 possessed one karytoype of 2n ¼ 6, with three pairs of submetacentric or metacentric chromosomes at the metaphase plates (Fig. 2i) , and another embryo of 2n ¼ 7, with three pairs of metacentric or submetacentric and one acrocentric chromosomes (Fig. 2j) .
Polyploidy.-A single embryo sac of A. vernalis line CD69 had cells with some 56-60 chromosomes (Fig. 2k) . Polyploidy was also observed in a single embryo of CD60 (;32 chromosomes) and in a single, rare mitosis from an adult female of line S142 (;36-40 chromosomes could be counted, not shown). A second and third adult female of line S142 had elevated nuclear DNA contents that were equivalent to at least eight times the DNA level found for diploid somatic nuclei as described below.
Genome Size and Absence of Chromatin Diminution Genome size (2C) was remarkably consistent among the somatic cells of the nine Wisconsin isofemale lines ( Table  2 ). The average size of the somatic cells based on a pooled mean of adult values was 1.49 pg DNA or ;1460 Mb. A value of 0.7 pg DNA per nucleus (;686 Mb) was found for sperm. The somatic cell genome sizes among the three Acton Lake isofemale lines possessed more variability. Somatic cell DNA contents of Acton Lake lines AC8 and AC10 were comparable to those of the Wisconsin lines, but line Acton Lake Ac9 with 1.06 pg DNA was about 30% smaller than the typical size of other lines.
All isofemale lines of Wisconsin possessed sperm with half the DNA amounts of adult somatic cells, and possessed an absence of extra germline limited chromatin, indicating the lack of chromatin diminution in these populations (Beermann, 1977; Rasch and Wyngaard, 1995) . Also, no Table 1 . Chromosome numbers for populations of Acanthocyclops vernalis. Diploid numbers were observed from embryonic mitotic metaphases and confirmed by counting the number of bivalent associations observed during meiosis I in gonads from adult males and females. n refers to the number of chromosome configurations analyzed for adults of a particular line. N gives the number of specimens examined. All specimens analyzed were isofemale lines, except for the AcSt specimens which were studied by (Standiford 1989 densely staining germline cells (oogonia or oocytes) were observed that exceeded the expected DNA levels, a diagnostic characteristic of species of cylcopoid copepods that possess chromatin diminution (Beermann, 1966; Wyngaard, 1995, 2001 ). We find no compelling evidence for the occurrence of chromatin diminution in the specimens studied here. On several occasions, we found, slender and short ''mini'' sperm dispersed among longer and more densely staining ''normal'' sperm. ''Mini'' sperm were found in individual males from both the second and third laboratory generations of line S115: ''mini'' sperm had a mean of 0.43 pg DNA, (SE ¼ 0.03, n ¼ 53), whereas normal sperm values were 0.70 pg DNA (Table 2 ). Line CD69 males had ''mini'' sperm with 0.51 pg DNA (SE ¼ 0.03, n ¼ 20), whereas normal sperm values were 0.76 pg DNA. A male from line Pa26 had ''mini'' sperm with 0.42 DNA (SE ¼ 0.03, n ¼ 21) and normal sperm with 0.75 pg DNA. These data provide direct evidence of a frequent occurrence of nondisjunction.
18s Ribosomal RNA Sequences The nine Wisconsin and three Ohio isofemale lines were either identical to one another or differed in no more than seven nucleotide positions in the 593 bp region of the 18S rRNA sequences (Table 3) . Between populations, the uncorrected pairwise percentage differences in 18S rDNA sequences ranged from 0% to 1%. No variation in DNA Fig. 1 . Chromosomes in Wisconsin Acanthocyclops vernalis isofemale lines that have consistent chromosome numbers at mitosis or meiosis stained by either the Feulgen reaction for DNA or by aceto-orcein. a. anaphase I of S102 female, 2n ¼ 10, Feulgen; b. anaphase II of S102 female, n ¼ 5, Feulgen; c. metaphase of S130 embryo, 2n ¼ 8, aceto-orcein; d. metaphase II of S130 female, n ¼ 4, Feulgen; e. metaphase of S142 embryo, 2n ¼ 8, aceto-orcein; f. anaphase of S142 embryo, 2n ¼ 8þ1 fragment, aceto-orcein; g. diakinesis of S142 female, n-4 bivalents, Feulgen.
Fig. 2. Chromosomes in Wisconsin
Acanthocyclops vernalis isofemale lines that have variable chromosome numbers at mitosis or meiosis stained by either the Feulgen reaction for DNA or by aceto-orcein. a. anaphase of CD60 embryo, 2n ¼ 8þ2 fragments, aceto-orcein; b. metaphase of CD61 embryo, 2n ¼ 9, aceto-orcein; c. metaphase of CD61 embryo, 2n ¼ 10, aceto-orcein; d. diakinesis of CD69 female, n ¼ 4 bivalents, Feulgen; e. diakinesis of CD69 female, n ¼ 5 bivalents, Feulgen; f. metaphase of Pa26 embryo, 2n ¼ 9, aceto-orcein; g. metaphase of Pa26 embryo, 2n ¼ 10, aceto-orcein; h. diakinesis of Pa26 female with chiasmata, n ¼ 5 bivalents, Feulgen; i. metaphase of Tre1 embryo, 2n ¼ 6, Feulgen; j. metaphase of Tre1 embryo, 2n ¼ 7, Feulgen; k. metaphase of CD69 embryo showing polyploidy, n;56-60, aceto-orcein.
sequence was detected between specimens within a line. Altogether, four distinct groupings were apparent among these 12 lines (Fig. 3) . A parsimony analysis yielded a single unrooted network that may be used to illustrate the groupings and to search for patterns in chromosome numbers among isofemale lines (Fig. 3) .
One cluster shares four fixed differences and is composed of three lineages from Shorts Pond that have chromosome numbers of 2n ¼ 8 and a single lineage from Trek Pond that has chromosomal numbers 2n ¼ 6 or 7 (Fig. 3) . The single meiotic figure of chromosomes available for line Ac10 from Acton Lake was ambiguous and observed to be either four or five haploid chromosomes. The other two Acton Lake lineages were not examined for chromosomal number. The second cluster contained three lines (CD60, CD61, CD69) from Cleveland Road Ditch, all of which had identical 18 rDNA sequences and variable chromosome numbers (2n ¼ 8, 9, or 10). A subgroup of this second cluster was comprised of line S102, which differed from the Cleveland Ditch Road populations at a single nucleotide site, and line Pa26, which possessed two unique differences. Like the Cleveland Road Ditch lines, the Pa26 was variable for chromosome number (but 2n ¼ only 9 or 10). Unlike the other lineages in this second cluster, the S102 had a consistant chromosome number (2n ¼ 10).
DISCUSSION
Chromosome number possessed unusual variation (2n ¼ 6-10) within and among isofemale lines, which is especially remarkable in light of the consistency in genome size. All lines shared the lack of chromatin diminution, which had been previously reported in an Ohio population (Standiford, 1989) , and whose presence or absence is believed to be a species-specific trait. Most lines shared identical 18S rRNA sequences, which is characteristic of populations belonging to the same species (Wyngaard and da Rocha, unpubl.) . A few lines have very low levels of sequence dissimilarity. Companion studies have documented the morphological stasis of these lines and high levels of reproductive isolation among most lines (Dodson et al., 2003; Grishanin et al., unpubl.) . Altogether, these data paint a picture of an extremely complex and variable collection of populations in which small-and large-scale features of the Table 3 . Number of nucleotide differences in 593 bp region of 18S ribosomal DNA sequences for 12 isofemale lines of Acanthocyclops vernalis populations. See Table 1 for key to coded locales and isofemale lines.
Isofemale line S115 S130 S142 CD60 CD61 CD69 PA26 Tre1 AC8 AC9 AC10 Table 1 for codes for specific lineages, which were established from ovigerous females collected from five locales in Wisconsin and Ohio. genome are evolving at different rates. Below we suggest some mechanisms that may account for this variability and discuss its consequences on continuity of population structure. Because our ultimate goal is to understand natural entities, we comment also on the possible relevance of this variability in the Acanthocyclops vernalis species complex to its fragmented habitats comprised of ditches, ponds, and lakes.
Karyotypes Consistent Chromosome Numbers.-Isofemale lines from Shorts 1 pond (S130, S102, S115, S142) possessed no variation within a line in chromosome number and lacked chiasmata. Absence of chiasmata in copepods has been reported previously for cyclopoid and harpacticoid copepods (Chinnappa and Victor, 1979; Burton and Feldman, 1981) . Also, mitoses are rare in adult tissues of copepods that exhibit determinate growth (Escribano et al., 1992) .
Variable Chromosome Numbers.-Cleveland Ditch Road lines CD60, CD61, and CD69 had diploid chromosomal counts of 8, 9, and 10. Oocytes of the same CD69 female differed in whether they had four bivalents or five bivalents (Fig. 2d , e) and thus could be expected to produce stem cells of the germ line for eight or ten diploid chromosomes, respectively. As is well known, chromosome rearrangements can only be perpetuated through meiosis. Tandem or Robertsonian fusion of two pairs of chromosomes of an oocyte which has 2n ¼ 10 might occur by joining of telomeric-telomeric regions, followed by inactivation of the extra centromere, resulting in an oocyte with 2n ¼ 8. Robertsonian fusion may result in loss of small acentric chromosomal fragments during early embryogenesis (Fig.  1f, 2a) . Alternatively, such small fragments may represent B chromosomes, as reported previously in some cyclopoid copepods (Chinnappa, 1986) . The occurrence of Robertsonian fusions is consistent with our observations in line CD69 of five almost equal length bivalents in one oocyte (n ¼ 5) (Fig. 2e ) and the three equal length bivalents and a single longest bivalent in another oocyte (Fig. 2d ). An exceptionally long chromosome was also found in an embryonic mitosis in line CD60 (Fig. 2a) . Accordingly, successful mating and fertilization between forms with 2n ¼ 8 and 2n ¼ 10 may produce embryos with 8, 9, or 10 chromosomes. Species that exhibit chromosomal polymorphisms that include an odd number are often found in hybrid zones where speciation processes occur (Barton and Hewitt, 1981; Harrison, 1990; Arnold, 1992 Arnold, , 1997 Gorlov and Tsurusaki, 2000, reviewed in Arnold, 1997) . In fact, the most vigorous hybrid in a companion study was a cross between the lines S102 (2n ¼ 10) and S115 (2n ¼ 8) (Grishanin et al., unpubl.) . The occurrence of two chromosomal numbers in the isofemale lines Pa26 (2n ¼ 9 and 10) and Tre1 (2n ¼ 6 or 7) could be a consequence of mechanisms discussed above, but the sexual dimorphism found in chromosomes of some cyclopoid species cannot be ruled out (Chinnappa and Victor, 1979, reviewed by Wyngaard and Chinnappa, 1982) . Obtaining information about spermatogenesis in copepods has been difficult due to the tendency of male chromosomes to adhere to one another (Chinnappa, 1980) . The diploid karyotype of Tre1 (2n ¼ 6) may be a consequence of chromosomal rearrangements and chromosomal loss. Chambers (1912) reported A. vernalis with 2n ¼ 6.
The process of chromosomal rearrangements in germ cell primorida may occur spontaneously and frequently, as our data suggest. It is likely that the present study sampled only a portion of the variation in nature, as noted by Dodson et al. (2003) . Increased sample size and more sample sites are required to confirm this possibility. The consequence of the chromosomal rearrangements reported here may be position effect variegation which alters the activity of some genes. Gametes with four and five chromosomes may have very similar genetic composition and genome size, but differ primarily in chromosomal organization or loss of small chromosomal fragments. Transposons are a prime candidate to effect such rearrangements and may be responsible for the seemingly loosely organized genomic architecture in the A. vernalis group (Kidwell, 2002) . The A. vernalis populations studied here undergo frequent genetic recombination as inferred from chiasmatic chromosomes, which may provide an important source of variation on which selection can act in founder populations inhabiting a variety of niches.
Genome Size as a Conserved Feature and
Chromatin Diminution
The amount of nuclear DNA content appears to be an essential and defining characteristic for the natural groupings of organisms, i.e., defining species (Swift, 1950; Mayr, 1963; Gregory, 2001 Gregory, , 2004 . The correlation of genome size with life history traits underscores its significance to copepod viability (McLaren et al., 1988; Escribano et al., 1992; Wyngaard et al., 2004) . Genome sizes of the nine Wisconsin lines and two of the three Ohio lines of A. vernalis are very similar, suggesting that genome size is a conservative character in this species complex and undergoes change more slowly than that of the karyotype. The variable chromosome numbers described above are somewhat surprising in view of the constancy of genome size found among these lines. As suggested by Gregory (2004) , selection may act at multiple hierarchical levels, and genome size may be among these. Perhaps it is the selection on genome size per se that modulates the dynamics of genetic change at lower levels to effect the overall stability in genome size of populations in the A. vernalis species complex, as seems to be the case in cryptomonads (Beaton and Cavalier-Smith, 1999) . Sperm genome size was one-half that of somatic genome size in all isofemale lines, with no evidence of extra chromosomal material to be eliminated during embryonic development (i.e., a prime characteristic of a species with chromatin diminution (Rasch and Wyngaard, 1995) . This was surprising, because Standiford (1989) reported the occurrence of chromatin diminution in females from a population sampled from Acton Lake, Ohio, which he attributed to A. vernalis and for which 2n ¼ 8. Akifiev (1974) reported chromatin diminution in a Russian population that he attributed to A. vernalis. A South Carolina population of A. vernalis from a temporary pond identified according to criteria of Dodson (1994) , was inconclusive in documenting chromatin diminution (Dorward and Wyngaard, 1997) .
The presence of ''minisperm'' indicates a reduction in DNA content during spermatogenesis and/or spermiogenesis that may be attributable to either nondisjunction or elimination of entire chromosomes or chromosomal fragments. Although we did not study spermatogenesis in detail, we suggest that chromosomes sometimes may be lost during meiosis in male germ cells, as seems to be the case in acentric chromosomal fragments in oocytes (Fig. 1f) . Smaller DNA contents in sperm may lead to genetic deficiencies and decreased offspring viability.
Polyploidy was found in single embryos of A. vernalis lines S142, CD60, and CD69 (Fig. 2k) . These mishaps could be a consequence of aberrations of cytokinesis and result in nonviable embryos. Polyploid cells of adult tissue may play roles in gene expression (transcription, translation, and chemical messaging) (Brodsky and Uryvaeva, 1985; Beaton and Hebert, 1989; Korpelainen et al., 1997) . Acanthocyclops vernalis has been reported to have 2n ¼ 4 (Chinnappa, 1980) and 2n ¼ 8 (Chinnappa, and Victor, 1979; Standiford, 1989; present study) . Via polyploidy, forms with 2n ¼ 4 may be progenitors of forms with 2n ¼ 8.
DNA Sequences and Karyotype
The number of base pair changes in the 18S rDNA sequences observed in the present study, albeit low, suggests these populations are in early stages of genetic differentiation. The variability in 18S rDNA sequences reported here among lines which appear indistinguishable morphologically (Dodson et al., 2003) provides strong evidence for the existence of cryptic species complexes within this group (Table 3, Fig. 3 ). This gene region does not reveal intraspecific variation (even among widely separated geographical populations) in analyses of more than 40 cyclopoid species (Wyngaard and da Rocha, unpubl .) The DNA sequence identity among several of the lines from different sites is consistent with an interpretation of some level of genetic continuity among these forms.
An unrooted network constructed using the 18s rDNA sequences identified two distinct clusters of rDNA sequences, which may provide a framework for examining karyotypic patterns in this complex (Fig. 3) . One cluster contains three populations from Shorts Pond with constant chromosome number, while the other cluster contains a population from Shorts Pond and three populations from Cleveland Road Ditch that have variable chromosome numbers. However, both clusters also contain populations with constant chromosome numbers as well as populations with variable chromosome numbers. The lack of correspondence between DNA sequence variation and geographical distance further underscores the complexity of pattern in this species complex. The fragmented nature of pond and lake habitats may favor isolation and genetic differentiation (Grishanin et al., unpubl.) .
Summary and Conclusions
The genetic variability in the A. vernalis complex poses an important question. How can we interpret its multifaceted character: stasis in morphology and genome size with concurrent changes in karyotypes, DNA sequences, and reproductive isolation? This degree of variability cannot be attributed solely to taxonomic misidentifications. The ecological success of A. vernalis in a variety of habitats over large geographical ranges suggests that it is highly adaptable. The fragmented habitats in which this complex thrives may allow for isolation of diverse forms, founder effects, and persistence of this complex in nature. The variability we have observed in these Wisconsin and Ohio populations is likely to be recent and recurrent.
